Abstract: Biodegradable polymers have been widely used as scaffolding materials to regenerate new tissues. To mimic natural extracellular matrix architecture, a novel highly porous structure, which is a three-dimensional interconnected fibrous network with a fiber diameter ranging from 50 to 500 nm, has been created from biodegradable aliphatic polyesters in this work. A porosity as high as 98.5% has been achieved. These nano-fibrous matrices were prepared from the polymer solutions by a procedure involving thermally induced gelation, solvent exchange, and freeze-drying. The effects of polymer concentration, thermal annealing, solvent exchange, and freezing temperature before freeze-drying on the nano-scale structures were studied. In general, at a high gelation temperature, a platelet-like structure was formed. At a low gelation temperature, the nano-fibrous structure was formed. Under the conditions for nano-fibrous matrix formation, the average fiber diameter (160-170 nm) did not change statistically with polymer concentration or gelation temperature. The porosity decreased with polymer concentration. The mechanical properties (Young's modulus and tensile strength) increased with polymer concentration. A surface-to-volume ratio of the nano-fibrous matrices was two to three orders of magnitude higher than those of fibrous nonwoven fabrics fabricated with the textile technology or foams fabricated with a particulate-leaching technique. This synthetic analogue of natural extracellular matrix combined the advantages of synthetic biodegradable polymers and the nano-scale architecture of extracellular matrix, and may provide a better environment for cell attachment and function.
INTRODUCTION
Much interest has been generated recently in the area of tissue engineering to create biological alternatives for implants and prostheses. 1, 2 In this approach, a highly porous scaffold (artificial extracellular matrix) is needed to accommodate cells and guide their growth and tissue regeneration in three dimensions. Biodegradable polymers, either natural [3] [4] [5] or synthetic, [6] [7] [8] [9] [10] [11] have been processed into scaffolds for tissue engineering.
Collagen is a natural extracellular matrix component of many tissues such as bone, skin, tendon, ligament, and other connective tissues. The fibrillar structure has long been noticed to be important for cell attachment, proliferation, and differentiated function in tissue culture. [12] [13] [14] Collagen has also been used for three-dimensional tissue regeneration. [3] [4] [5] Collagen fiber bundles vary in diameter from 50 to 500 nm. 12, 15 As a natural extracellular matrix component, collagen provides cellular recognition. On the one hand, cellular recognition can be an advantage for regulating cell attachment and function. On the other hand, cellular recognition can be a disadvantage, which is the concern of immunogenecity. 16 There is also less control over the mechanical properties, biodegradability, and batch to batch consistency of natural materials from biological sources.
Aliphatic polyesters such as poly(lactide), poly(glycolide), and their copolymers are biodegradable, 6, 10 and biocompatible, 17, 18 and among the few synthetic polymers approved by the Food and Drug Administration (FDA) for certain human clinical applications such as surgical sutures and some implantable devices. Therefore, they are widely used as scaffolding polymers. Particulate leaching is a well-documented technique to fabricate porous foams of these polymers for tissue engineering. 7, 10, [19] [20] [21] Textile technologies are used to fabricate biodegradable woven or nonwoven fabrics as tissue engineering scaffolds. 6, 9, 22 The fibrillar structure of these woven and nonwoven matrices may provide certain advantages. This has been coincided with the fact that various tissues such as cartilage, 9 ,23 tendon, 24, 25 bone, 26 heart valve, 11,27-30 and blood vessel 22, 31 have been engineered using these fi-brous scaffolds. However, the diameter of these fibers is around 15 m, which is far thicker than that of collagen fibers (50-500 nm). There might be a reason why nature has selected a matrix fiber diameter in the nanometer scale. To mimic the three-dimensional structure of natural collagen matrix and overcome the potential immunogenecity, synthetic fibrillar matrices with a fiber diameter ranging from 50 to 500 nm were created from biodegradable aliphatic polyesters in this work.
EXPERIMENTAL Materials
Poly(L-lactic acid) (PLLA) and poly(D-L-lactic acid-coglycolic acid) (85/15) (PLGA) with an inherent viscosity of approximately 1.6 and 0.5-0.6, respectively, were purchased from Boehringer Ingelheim (Ingelheim, Germany). Poly(D-Llactic acid) (PDLLA) with a molecular weight of 103,000 was from Sigma Chemical Co. (St. Louis, MO). PLLA, PLGA, and PDLLA were used without further purification. Tetrahydrofuran (THF), N,N-dimethylformamide (DMF), pyridine, dioxane, methanol, and acetone were from Aldrich Chemical (Milwaukee, WI). Deionized water was obtained with a Milli-Q water filter system from Millipore Corporation (Bedford, MA).
Matrix fabrication
The nano-scale fibrous matrices were fabricated typically with five steps: polymer dissolution, phase separation and gelatin, solvent extraction from the gel with water, freezing, and then freeze-drying under vacuum. A typical procedure was used as following: (a) PLLA, PLGA, or PDLLA was weighed accurately into a flask, and then a certain amount of solvent such as THF was added into the flask to make a solution with a desired concentration [from 1% (wt/v) to 15% (wt/v)]. It took typically about 2 h to obtain a homogeneous solution (polymer concentration of 5% or lower) when stirred with a magnetic stirrer at about 60°C. (b) Two milliliters of PLLA solution (prewarmed to 50°C) was added into a Teflon vial. The vial containing PLLA solution was then rapidly transferred into a refrigerator or a freezer set to a chosen temperature to gel. The gelation time depended on temperature, solvent, and the PLLA concentration of the solution. The gel was kept at the gelling temperature for at least 2 h after gelation. (c) The vial containing the gel was immersed into distilled water for solvent exchange. The water was changed three times a day for 2 days. (d) The gel was removed from water, blotted with a piece of filter paper, and then transferred into a freezer at −18°C for at least 2 h. (e) The frozen gel was transferred into a freeze-drying vessel at −5°∼−10°C in an ice/salt bath, and was freeze-dried under vacuum lower than 0.5 mm Hg for 1 week. The dried porous matrix was then stored in a desiccator until characterization.
Characterization
The gelation time was determined as the time period from the time point when the sample was set to the gelling temperature to that when the the sample (held at this temperature) could no longer flow.
The melting behavior of the fibrous matrices was characterized with a differential scanning calorimeter (DSC-7; Perkin-Elmer, Norwalk, CT). The calibration was performed using indium standards. The fibrous matrix samples (5-10 The estimated densities and porosities of the fibrous matrices were obtained as follows. The circular discs of the fibrous matrices were fabricated as described in the previous section. The diameter and height of a disc was measured to calculate the volume. The weight of the specimen was measured with an analytical balance accurate to 10 −4 g. The density was calculated from the volume and weight. The porosity, , was calculated from the measured overall densities D f of the fibrous matrix and the skeletal density D p :
For the fibrous matrix, the skeletal density was the density of the polymer, which was given by:
where X c was the degree of crystallinity of the polymer. For PLLA, D a = 1.248 g/mL (density of amorphous polymer) and D c = 1.290 g/mL (density of 100% crystalline polymer). 33 The morphologies of the fibrous matrices were studied with scanning electron microscopy (SEM) (S-3200N; Hitachi, Japan) at 15 kV. The specimens were cut with a razor blade or fractured after being frozen in liquid nitrogen for 5 min, and were then coated with gold using a sputter coater (Desk-II; Denton Vacuum Inc.). The gas pressure was lower than 50 mtorr, and the current was about 40 mA. The coating time was 200 s.
The average fiber diameter was calculated from the SEM micrographs. Eighty fibers were measured for each sample. Their averages and standard deviations were reported. The surface-area-to-volume ratio was estimated based on the average fiber diameter. The surface areas of the fiber ends were neglected based on a very large aspect ratio of the fibers (virtually a continuous fiber network), so that the surface area of a fiber was calculated with the equation
where d was the diameter of the fiber and l was the length of the fiber. The volume of a fiber was given by
Therefore, the surface-to-volume ratio was given by
To quantify the fiber network density, the fiber length between two conjunctions (unit length) was estimated based on a simplified cubic stucture model (Fig. 1 ). There were 12 unit fibers bordering each unit cube. Four unit cubes shared each of these fibers. Therefore, there were three unit fibers in each unit cube. The porosity of the fiber network was given by
where V f was the volume of one unit fiber and V c was the volume of the unit cube. Substituting Equation (4) and V c = l 3 into Equation (6), the porosity was given by
The unit length was given by rearranging Equation (7),
When the fiber diameters were compared, a two-tail Student t test (assuming equal variances) was performed to determine the statistical significance (p < .05). Uniaxial tensile mechanical testing was performed to measure the mechanical properties of the nano-scale fibrous matrices using methods similar to those for the mechanical testing of natural and engineered tendon, heart valve, and their scaffolding matrices, 11, 25, 27 with an Instron 4502 mechanical tester (Instron Corporation, Canton, MA). The matrix sheets with dimensions of 90 × 60 × 3 mm 3 were prepared, and then cut into 90 × 10 × 3-mm 3 strips for mechanical testing. A gauge length of 40 mm (distance between two grips) and a crosshead speed of 5 mm/min were used. Six specimens were tested for each sample. The averages and standard deviations from the specimens fractured in the middle (four to six) are reported.
RESULTS
A series of highly porous (up to 98.5% porosity) nano-scale fibrillar matrices was created from biodegradable aliphatic polyesters (Table I ). The novel porous structure was a three-dimensional continuous fibrous network (Fig. 2) , which was similar to a natural collagen matrix. The diameter of the fibers ranged from 50 to 500 nm, which was also the same diameter range of natural collagen fibers.
To create this unique fibrillar matrix structure, gelation was a critical step. The gelation behavior of PLLA in various solvents was studied to understand (Table II) . At a temperature of 15°C or lower, gelation occurred readily in a short period of time for all of the PLLA/ THF solutions in the concentration range studied. In a different solvent system, THF/methanol (80/20), the nano-fiber structure could only be obtained by quenching the PLLA solution in liquid nitrogen (Fig.  3) . The translucent gels prepared from PLLA/THF solution (clear at low PLLA concentrations) became stronger and cloudier over time when stored at the gelation temperature. At temperatures higher than room temperature, gelation occurred only from the solution with a PLLA concentration higher than 3.0% (wt/v), and the gelation took much longer time than that at lower temperatures. In the high-temperature range (19°C or higher), the clear solution had become cloudy with a large amount of small gel particles formed before the whole solution gelled. The turbidity of the gel was higher than those of the gels formed at lower temperatures. For the solutions with a PLLA concentration of 2.5% or lower, small gel particles were formed and suspended in the solution without uniform gel formation after being stored at room temperature for more than 7 days. The average fiber diameter of the fibrillar matrices did not change statistically with the concentration of polymer solution used to fabricate the matrices in the concentration range studied (Figs. 4 and 5) . The average unit length (fiber length between two conjunctions) decreased with increasing polymer concentration (Table III) . At very low polymer concentrations such as 1% PLLA/THF solution, relative large pores were obtained with nonuniform interfiber spacing [ Fig. 4(a) ]. With increasing polymer concentration, the pore structure became increasingly uniform, and the average unit length decreased (Table III) . These morphological observations were consistent with the porosity and density data (Table I) .
Gelling temperature was another important factor controlling the porous morphology of the matrices ( Fig. 6 ). The matrix structure formed via gelation of 5% PLLA/THF solution at 23°C (room temperature) or 19°C was evidently different from that formed at lower gelation temperatures. Platelet-like structure was the only or primary structure [ Fig. 6(a,b) ]. The size of the platelets was at the micrometer level. Others also obtained similar platelet morphology of foam prepared at room temperature from PLLA solution in acetone. 34 At a gelation temperature of 17°C, both fibrous and plateletlike structures were observed [ Fig.  6(c) ]. For the matrices formed at lower gelation temperatures such as 15°C, 8°C, and −18°C, or in liquid nitrogen, a three-dimensional nano-fiber network was formed [ Fig. 6(c-f) ]. The fiber diameter of the matrix did not change with the gelling temperature as long as it was in the fiber-forming temperature range (Fig. 7) , while the interfiber spacing became more uniform at lower gelling temperatures [ Fig. 6(d-f) ].
The melting point, enthalpy of melting, and degree of crystallinity of the matrices prepared from PLLA/ THF solution with different PLLA concentrations and at different gelling temperatures were measured with DSC (Table IV) . At a gelation temperature of −18°C, the melting point and degree of crystallinity of PLLA matrices did not change significantly with the polymer concentration. The degree of crystallinity did not change significantly with gelation temperature, either, in the lower temperature range (15°C or below). However, the matrix formed at a higher temperature (e.g., room temperature) had a higher degree of crystallinity than those formed at low gelation temperatures (Table  IV) . PLLA films were also cast from PLLA/THF solution at room temperature. The crystallinity of the cast film was very close to that of the plateletlike matrix formed at room temperature (Table IV) . The higher crystallinity of these two PLLA samples (foam and film) could be attributed to the easy rearrangement of PLLA chains in the solution during crystallization at room temperature (crystal nucleation and growth).
The gelation procedure also had effects on the matrix structure formation. Both plateletlike and nanofiber-like structures were observed for a matrix prepared by annealing a 5% PLLA/THF solution at room temperature for 2 or 12 h and then gelling at −18°C [ Fig. 8(a,b) ]. The percentage of plateletlike structure increased with the time annealed at room temperature. After 24 h of room temperature annealing, the platelike structure became the only structure observed with or without quenching to −18°C [ Fig. 8(c) ]. In contrast, when the solution was quenched to −18°C for 10 min at first and then annealed at room temperature for 1 week, the only structure observed was the nano-fiber network [ Fig. 8(d) ].
Highly porous matrices were also fabricated from PDLLA/THF and PLGA/THF solutions in the same polymer concentration and temperature ranges as those of PLLA/THF solutions. The microstructures of the PDLLA and PLGA matrices were evidently different from those of PLLA matrices prepared with the same procedure (Fig. 9) . There was neither a fibrous nor a platelet structure formed from these amorphous polymers. Others also observed a somewhat similar morphology for amorphous polymer foams with a lower porosity prepared for controlled release purpose. 35 No typical gelation was observed for these uncrystallizable polymers in the polymer concentration and gelation temperature ranges studied. This indicated that the crystallization of the polymer might play an important role in the formation of PLLA/THF gels. Small PLLA crystallites formed from PLLA solution might provide physical crosslinks to form the three-dimensional polymer network.
In the water extraction process, a small shrinkage (<5%) of the gels was observed. However, there was no evident difference in the matrix structure prepared from PLLA/dioxane/methanol (80/20) with or without water extraction process (Fig. 10) . Scanning electron microscopic observation showed that the frozen temperature prior to freeze-drying also affected the morphology of the matrix prepared from a PLLA/THF gel (Fig. 11) . The uniform nano-fiber network was formed from the gel frozen in liquid nitrogen. A less uniform matrix structure was formed from the gel frozen at −5°C, presumably owing to large ice crystal formation at the higher frozen temperature, which led to large pore formation after the sublimation of the ice crystals.
The surface/volume ratio (the ratio of surface area to polymer skeleton volume) of the nano-fibrous ma- trix (∼24 m −1 ) did not change with the polymer concentration, because the fiber diameter (160-170 nm) did not change with polymer concentration (Table III) . The surface/volume ratio of this nano-fibrous matrices was two to three orders of magnitude higher than those of foams prepared with salt-leaching techniques 7 or nonwoven fabrics prepared with the textile technology. 6 Tensile testing was conducted to measure the mechanical properties of the nano-fibrous matrices (Fig.  12 ). Young's modulus, tensile strength, and elongation at break all increased with polymer concentration. Mechanical properties of the plateletlike matrices were too weak to measure.
DISCUSSION
One of the most important questions in polymer scaffolding is the cell-polymer interaction. There has been very active research on the effects of surface chemistry on cell-materials interactions. It has been demonstrated that certain bioactive peptides such as RGD-modified surfaces of polymers 36, 37 or other materials 38, 39 can mimic natural proteins in enhancing cell adhesion in serum-free cell culture medium. There has also been active research on creating porous structures from synthetic polymers to serve as scaffolding for cell attachment, growth, and tissue regeneration in three dimensions. 6, 7, 10 Textile technologies have been used to fabricate nonwoven fabrics with fiber diameters at the micrometer scale (usually between 10 and 20 m). 6, 9 Particulate-leaching technique is well documented for the fabrication of porous biodegradable polymer foams. 7, 10 In this technique, the polymer solution is usually mixed with salt particles (or other water-soluble particles) and cast in a mold. After the evaporation of the solvent, a solid polymer-salt composite is formed. The salt is then leached out with water to generate pores. The pore size and shape are controlled by the salt particles. Thermally induced phase separation techniques have also been widely reported to produce porous foams of biodegradable polymers. 34, 35, [40] [41] [42] [43] [44] [45] [46] [47] These porous foams are fabricated as controlled-release vehicles, implant materials, scaffolding matrices for tissue engineering, or applications in combinations of the above. Because of the complexity of the processing variables involved in phase separation techniques (type of polymer, type of solvent, polymer concentration, phase separation temperature, solvent exchange in some cases, thermal treatment, other procedures involved, and their order), various matrix morphologies have been reported. However, these matrices are different from natural extracellular matrix in architecture. A variety of biodegradable polymers, solvent and solvent mixtures, gelation temperatures, solvent exchanges, heat treatments, and procedure variations have been investigated in this work. Biodegradable polymers are successfully fabricated into nano-fiber matrices to mimic the architecture of a natural extracellular matrix.
These synthetic analogues of natural extracellular matrices combine the advantages of synthetic biodegradable polymers and the architecture of natural ex- tracellular matrices, which is speculated to play an important role in cell attachment, migration, growth, and function. 14 In addition to getting away from the immunogenicity concerns, synthetic polymers provide the advantage of controllable degradation (hydrolysis) rate, hydrophilicity, and mechanical properties to fit specific applications. In this work, we have shown how to fabricate biodegradable polymers into nano-fibrillar and various other porous matrices. Their processing, structure, and property relationships are studied.
It is worth noticing that the fibrillar structure was obtained when PLLA/THF solution was quenched in liquid nitrogen [ Fig. 6(d) ]. Previously, we have shown that when a polymer solution (with several different solvent systems) is cooled fast enough and to a temperature low enough to freeze the solvent into solid state so that there is not enough time for liquid-liquid phase separation to occur, a solid-liquid phase separation will take place. 40 The morphology of the foam formed from a solid-liquid phase separation (solvent crystallization) is very different from the nano-fibrous network. Channels and ladderlike partitions are characteristic features of solid-liquid phase separation. 40, 41 These structural features have not been observed in the PLLA/THF system, probably owing to the different phase separation process which occurs before it reaches the freezing temperature of the solvent. It has also been found that the PLLA matrices formed at a higher gelation temperature (such as room temperature) has a higher crystallinity than that of matrices formed at lower gelation temperatures (15°C or lower). The difference in degree of crystallinity is coincident with the difference in matrix structure. This seems to suggest that at a higher gelation temperature, phase separation occurs through a mechanism different from that at a lower gelation temperature. We hypothesize that the phase separation at higher temperatures (19°C or higher) is due to a crystal nucleation and growth process. The fact that the matrix formed at room temperature was plateletlike (aggregates of many single crystals) appears to support this hypothesis. For all the studied solvents or solvent mixtures in which PLLA solution can form a gel, both nano-fiber and plateletlike structures have been observed, depending on the gelation temperature. The plateletlike structure forms at a relatively higher gelation temperature, while the nano-fiber structure forms at a lower gelation temperature. To obtain a uniform nanofiber network, the cooling rate must be high enough to avoid polymer crystal nucleation and growth. In some cases such as a PLLA/THF/methanol (80/20) system, the nano-fiber structure can be obtained only by quenching in liquid nitrogen (Fig. 3) . We hypothesize that the nano-fibrous structure is formed by spinodal liquid-liquid phase separation of the polymer solutions and consequential crystallization of the polymerrich phase. This is the first report on the nano-fibrous matrices of aliphatic polyesters. More detailed studies are needed to understand thoroughly the mechanisms of the formation of the nano-fibrous matrices.
It was also found that the final matrix architecture is dependent on thermal history. When a fibrous matrix is formed from a 5% PLLA/THF solution after gelling at −18°C for 10 min (gelation time, 8 min), the morphology [ Fig. 8(d) ] is not affected by annealing the gel at room temperature (a temperature for platelike structure formation) for 1 week. It is also true that if a plateletlike matrix is formed at room temperature first, the morphology does not change by annealing at −18°C (a temperature for fibrous matrix formation) [ Fig. 8(c) ]. However, when this polymer solution is first kept at room temperature for a shorter time (e.g., 2 or 12 h) and then cooled down to −18°C, a matrix composed of both small platelets and nano-fibers is formed [Fig 8(a,b) ]. The plateletlike structure increases with the annealing time at room temperature. These results suggest that the structure of the PLLA matrix is determined by the initial phase-separated structure.
In the process of water extraction, the translucent or cloudy gel slowly become opaque (white) and strong. Water may have accelerated the coagulation of the PLLA molecular chains, which are still in swelling medium of THF. Water is a nonsolvent for PLLA. When water molecules diffuse into the gel and coexist with THF molecules, the solvating property is changed, and the polymer chains in polymer-rich phase are in a poorer solvent environment. Under this condition, the polymer chains might aggregate rapidly to form a crystal or amorphous solid and rigidify the gel. The small shrinkage of gels (<5%) in the water extraction process may be the result of the polymer chain coagulation. However, the water extraction process has not shown effects on the overall matrix structure formation.
The unit length (fiber length between two conjunctions) of a fibrous matrix is an approximate measure of the pore size and network density based on a simplified cubic structural model. These data are consistent with the morphologic observations in general trend. However, the actual fibrous matrices are not cubic structure. The structural uniformity and pore size distribution are affected by the polymer concentration, gelation temperature, solvent, and freezing temperature (ice crystal formation) before freeze-drying. These processing variables can be used to control the final pore size and size distribution of the matrices.
The weak mechanical properties of the plateletlike matrices are likely due to the loose connections between the platelets. The nano-fibrillar matrices have considerable mechanical strength, presumably due to the continuous fibrous network. The Young's modulus and tensile strength increased with polymer concentration nearly linearly, likely due to the linear in- crease in fiber network density. Therefore, the mechanical properties of the nano-fiber matrix can be tailored to specific property needs by adjusting polymer concentration without affecting the fiber diameter with this new fabrication technology.
There are several advantages of the fabrication methods of the fibrous matrices. First, there are almost no equipment requirements compared to the fibrous nonwoven fabric processing with the textile technology. 6 Second, the procedure is greatly simplified, because there is no need to go through many complicated processing stages such as fiber extrusion, drawing, crimping, cutting into stable fibers, carding, needling, heat platen pressing, degreasing, and punching. Third, the diameter of fibers is in the nanometer scale, which is very difficult to achieve, if not impossible, with the textile technology. Fourth, this process can directly fabricate a scaffold into the anatomical shape of a body part with a mold. Fifth, the novel matrix is a continuous fiber network, and may have better mechanical properties compared to mechanically entangled nonwoven structures. Sixth, the average fiber diameter is not affected by the polymer concentration or gelation structure in a large extent, so that the batch-to-batch consistency may be easily achieved.
The surface-to-volume ratio is considered to be a very important structural parameter for polymer scafolds. 7, 10 A high surface area is believed to enhance cell attachment. For many cell types, cell migration, growth, and differentiated function are all dependent on cell attachment. The new nano-fibrous matrices have a surface-to-volume ratio (∼24 m −1 ) much higher than that of either fibrous poly(glycolic acid) nonwoven scaffolds (∼0.27 m −1 ) fabricated with the textile technology or PLLA foams (∼0.03-0.15 m −1 ) fabricated with a salt-leaching technique. Therefore, the new synthetic extracellular matrix analogue might provide a better environment for cell attachment, proliferation, and function. A systematic study on the interactions between cells and these nano-fibrous matrices is in progress and will be reported separately. 
